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Turbulence in the Divertor Region of Tokamak Edge Plasma
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Resultsof recentmodelingof tokamakedgeplasmawith the turbulencecodeBOUT arepresented.In pre-
viousstudieswith BOUT thebackgroundprofilesof plasmadensityandtemperatureweresetasflux surface
functions.However in thedivertorregion of a tokamakthetemperatureis typically lower anddensityis higher
thanthoseat themid-plane.To accountfor this in thepresentstudya poloidalvariationof backgroundplasma
densityandtemperatureis includedto provide a morerealisticmodel. For poloidally uniform profilesof the
backgroundplasmathecalculatedturbulenceamplitudepeaksnearoutermid-plane,while in thedivertorregion
theamplitudeis small.However, presentsimulationsshow thatasthebackgroundplasmaprofilesbecomemore
poloidally non-uniformtheamplitudeof densityfluctuations,

���� , startspeakingin thedivertor. It is foundthat
in the divertor region the amplitudeof � � fluctuationsgrows approximatelylinearly with the local densityof
thebackgroundplasma,����� , while theamplitudeof

���
and 	 fluctuationsis positively correlatedwith thethe

localelectrontemperature,
� � � . Correlationanalysisshows thatplasmaturbulenceis isolatedby thex-points.

1 Introduction

It is generallyacceptedthat the global confinementin a tokamakis stronglyaffectedby the conditionsat the
edge.Plasmaturbulence,andtheresultinganomalouscross-fieldplasmatransport,arecrucialphysicalprocesses
in theboundaryregion. This makesedgeplasmaturbulencea major issuefor tokamakphysics.In recentyears
therehasbeena substantialprogressin numericalsimulationsof edgeplasmaturbulencewith the BOUT code
[1]. BOUT is an electromagnetic3-D turbulencecodesolving in a realisticgeometryof a divertor tokamaka
systemof Braginskii-like [2] fluid equationsfor plasmadensity, 
�� , electronandion temperatures,
���� � , electron
andion parallelvelocity, ����� ��� � , electrostaticpotential, � , andthevectorpotential,����� . Thebasicphysicsmodel
andgeometryof BOUT aredescribedin [1, 3]. BOUT hasdemonstratedencouragingsimilarity to experimental
spatialandtemporalspectraof edgeplasmafluctuationsin DIII-D [4], C-Mod [5] andNSTX [6].

Typically, in BOUT simulationsthemagneticgeometryis obtainedfrom themagnetohydrodynamic (MHD)
equilibrium codeEFIT [7], andthe profilesof the backgroundplasmadensity, 
���� , andtemperature,
���� ��� , are
basedon fits to experimentaldata,or on simulationsby thetokamakedgetransportcodeUEDGE[8].

In previousstudieswith BOUT [3, 4, 9, 10] thepoloidalvariationof backgroundplasmaparameterswasnot
takeninto account.Thispoloidalvariationis usuallycausedby theboundaryconditionsat thedivertorplate,and
resultsin plasmatemperaturedecreasingandplasmadensitygrowing towardstheplate. For thehigh-recycling
regime the ratio of conditionsat the mid-planeandnearthe divertorplate, 
�� ���! 
 ����"$# 
 ���%"& 
�� �%� , is on the
orderof 3-10,andmore,so thepoloidal variationmaybesubstantial[11]. In thepresentstudywe analyzethe
effectsof usingpoloidallydependentprofilesfor thebackgroundplasmafor turbulencesimulationswith BOUT.

2 Methodology

We usethemagneticgeometrybasedon a typical DIII-D magneticreconstructionfrom EFIT. Thegeometryis
shown schematicallyin Fig. 1

'
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Fig. 1 Computationaldomaingeometryin theradial-poloidalplane.Thepoloidal index, ( , runsfrom theinnerplateto the
outerone.Poloidallocationsof x-pointsarealsoshown.

For thepresentstudyBOUT is usedin themodewhenonly fluctuatingquantitieswith zerotoroidalaverage
areallowed.Thusthebackgroundaverageprofilesfor thebackgroundplasmadensity, 
 ��� , andtemperature,
 ��� ���
are”frozen”.

For the backgroundplasmawe usea setof simulatedtoroidally-symmetricprofileswhich qualitatively and
quantitativelyapproximatetheequilibriumstateof theedgeplasmaasknownfromexperimentaldataandUEDGE
simulations.The radialprofilesfor 
���� and 
���� ��� at themid-planearetakenasa typical fit to DIII-D data.The
poloidalprofilesof 
���� and 
���� ��� werechosento covera rangeof variation.For thepoloidalvariationof 
��)� we
usetheanalyticexpression


 �)�+*-,/.1032 
54����"7698 ,+*;:7<=,/.>* 
?4� ��� < 
54���%" .)@BADC 4FE (1)

Heres is thepoloidalcoordinatemeasuredfrom theinnerplateto theouteroneandnormalizedto unity, 
����%" is
thedivertortemperature,
 � ��� is themid-planetemperature,andconstantfactor G wastypically chosenaround
2-3.

The ion temperature,
 � , was setequalto 
 �> IH 1 , and the poloidal variationof 
 ��� was then set to keep

 ���J* 
 �)� 6 
 ���/. constantalongthefield line. Theplasmaflow velocity, � � ��� � , wassetzero,andtheDC electric
potentialwassetzero.

We have analyzeda setof five BOUT caseswith sameradial profilesof 
 ��� , 
 ��� ��� upstreambut different
conditionsin thedivertor:

Table 1 Approximateparametersatseparatrixat themid-planeandin thedivertorfor five BOUT cases

Case 
 �)�K� � ��� , eV 
 �)�K� ���%" , eV 
 ���L� � ��� , M :KN APOLQ>RTS�U 
 ���L� ���%" M :KN APOLQ>RTS�U
1 V N E V N E : E�W : E W
2 V N E W V E : E�W WXE V
3 V N E W N E : E�W H E H
4 V N E : WYE : E�W 8 E Z
5 V N E [JE : E�W \�E N

1 Thescalingfactor1/3wasappliedto theseandmostof thepreviousBOUT simulationsfor thereasonsof numericalstability
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3 Simulation results

3.1 Localscaling

For all fiveanalyzedcasesBOUT wasrunto thestateof saturatedturbulence.Thentheroot-mean-square(RMS)
amplitudesof the saturatedturbulencewereanalyzed. The RMS amplitudesareshown in the radial-poloidal
index planefor case1 in Fig. 2.

Fig. 2 FluctuationRMSamplitudesfor case1, poloidallyuniformprofiles.Thedashedlinesshow thelocationsof separatrix
andx-points.

TheRMSamplitudesfor case3 areshown in Fig. 3.

ComparingFigs. 2 and3 onecannotethatfor poloidally uniform profiles(case1) thefluctuationamplitudes
peakat the mid-plane. On the otherhand,for poloidally non-uniformprofiles (case3) thereis a peakof ]
 �
fluctuationsnearthe outerdivertor plate. The amplitudeof the divertor ]
 � fluctuationsappearsto be roughly
proportionalto the local plasmadensity, 
���� , for both innerandouterdivertor (seeFig. 4). Thusthe larger ]
��
amplitudein thedivertorcanbeattributedto thelarger 
���� there.

Similar to thecorrelationbetweenthe ]
 � amplitudeandthelocal 
 ��� it wasfoundthatfluctuationamplitudes
of ]
�� and ]� in the divertor arecorrelatedwith the local 
��)� . As the temperaturein the divertor is lower than
upstream,theabsolutevaluesof ^ ]
��`_ and ^ ]�a_ arelower in thedivertor.

The amplitudeof fluctuationsupstreamwere found to be insensitive to the variation of parametersin the
divertor. This raisesthequestionwhethertheupstreamturbulenceis uncoupledfrom thedivertorturbulence.



4 Umansky, Rognlien,Xu, Cohen,andNevins:Turbulencein theDivertorRegion

Fig. 3 FluctuationRMSamplitudesfor case3, poloidally non-uniformprofiles.

a) b)

Fig. 4 Correlationof theRMSfluctuationamplitudeb �����c with thelocal ����� for theinner(a) andouter(b) plateregions.

3.2 Correlationanalysis

We usethedataanalysispackageGKV [12] to calculatethecross-correlationfunctionfor theturbulentpotential.
Thecross-correlationfunctionis definedasfollows:
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d * ]�fe ]� .10 ^ ]� *hg �iekjXeDl 6nm lYeDo 6=p . ]� *hg �iekj/q��;r�eDlYeko . _7s>� t
^3u ]� *Bg �+eDjvq��DrXeklYeDo . u wx_7s>� t (2)

Here l is thetoroidalgrid index, j is thepoloidalindex, p is thetime lag, j/q��;r is thereferencepoloidalindex.

For case3, for aflux surfaceright outsideof theseparatrix,with mid-planej/q��;r 0yH Z and p =0, thecalculated
cross-correlationfunctionis shown in Fig. 5

Fig. 5 Cross-correlationfunctionfor thesimulatedturbulence.Thetoroidalcoordinatez is alsoa magneticline labelhere,
so {>z5|=} meansthepoint areon thesamemagneticline.

Figure5 shows thatthecross-correlationhascutoffs atboththelowerx-pointandtheupperx-point. Thusthe
turbulenceappearsto bedisconnectedby thex-pointswhich is consistentwith previousresultsfrom BOUT [9].

4 Discussion

One of our resultsis that the normalizedfluctuationamplitudesin the divertor: ]
 �P 
 ��� , ]
 �> 
 �P� , and ]�  
 �)�
appearto be approximatelyconstantover the rangeof variation of 
 ��� and 
 �)� . This is consistentwith the
probemeasurementsin DIII-D edgeindicatingthatthenormalizedpotentialfluctuationamplitude,~ ]�  
�� , in the
divertoris comparableto thatat theoutermid-plane[13].

Partitioningof theturbulenceby thex-pointsfrom ourcorrelationanalysisis consistentwith previouscompu-
tationalresultsfrom BOUT [9] andthetheoreticalargumentsthat thestrongshearingof themagneticfield near
thex-point leadsto uncouplingof theperturbationsin theupstreamscrape-off layerfrom thosebelow thex-point
[14]. It is interestingthateventheupperx-point which is ratherremotefrom our computationaldomainappears
to havea strongeffect.

During the linear stagethe divertor turbulenceappearsto be growing outsideof the separatrixin the outer
divertor, and inside of the separatrixin the inner divertor. As theselocationsare the regionsof unfavorable
curvature,this observationapparentlypointsto the ballooningnatureof the driving mechanism.An important
questionthat requiresfurtheranalysisis therole of theboundaryconditionsat thetargetplate. Identificationof
thedriving mechanismof thedivertorturbulenceis thesubjectof ongoinganalysis.
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5 Summary and conclusions

Wehaveconductedanalysisof turbulencesimulationswith theBOUTcodeusingpoloidallynon-uniformpoloidal
profilesfor thebackgroundplasmathatmimic higherdensityandlower temperaturein thedivertorchamber. It
was found that as the backgroundplasmadensity, 
���� , becomeslarger in the divertor, the densityfluctuation
amplitude ]
�� becomeslarger. Theamplitudeof thedensityfluctuationnormalizedby thebackgroundlocal den-
sity, ]
��  
���� , appearsto be approximatelyconstantin the divertor, at the level of 10-20� . Similarly, thereis a
positive correlationbetweenthe ]
�� , and ]� fluctuationamplitudes,andthe local electrontemperature,
��)� . The
turbulenceamplitudeupstreamappearsto be insensitive to thevariationof the divertorconditions.Correlation
analysisshows that theupstreamturbulenceis uncoupledfrom thedivertor turbulencewhich is consistentwith
thestrongshearingof themagneticfield nearthex-points.
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